Chain modular robots form systems with many degrees of freedom which are capable of being reconfigured to form arbitrary chain-based topologies. This reconfiguration requires the detaching of modules from one point in the system and re-attaching at another. The internal errors in the system (especially with large numbers of modules) are such that accurate movement of chain ends, required for the attaching of modules, can be extremely difficult. A three phase docking process is described that utilizes both openand closed-loop techniques.
I. INTRODUCTION

A. -Modular reconfigurable robot systems
A
Modular Reconfigurable Robot is constructed from a large number of discrete modules. Each module is capable of being mechanically (and usually electrically) connected to one or more other modules. Such a system is described as -modular robot if there are different module types. is usually far less than the total number of modules in the system. While the capabilities of a single module, which may only have one active degree of freedom, are exceedingly modest, the combination can form an arbitrarily complex structure.
As the properties of a robot changes with it's form, then a robot that can change its form is extremely versatile. Figure 1 shows just a few forms that PolyBot, a particular modular selfreconfigurable robot, has achieved. A self-reconfigurable robot is one that is able to change from one form to another with no external mechanical assistance.
As well as enabling versatility, the massively redundant nature of the system can lead to robustness-and even self-repair. A third hope, is that economies of scale and batch fabrication of many identical modules may eventually lead to low cost. [1] , [2] .
It must be recognized that this versatility does come at a cost. Single task systems can, in general, be made cheaper, faster and more efficient than a system that can achieve multiple tasks. Modular reconfigurable systems are thus suited for those applications which require versatility, or when the task parameters are not known in advance.
Exploration tasks are good examples of where modular selfreconfigurable robots can excel. In planetary exploration, the types of terrain may not be known. In search and rescue in a rubble pile and other unstructured environments, the types of locomotion that are needed may not be known. Thus a reconfigurable robot has the versatility to adapt to the changing requirements of unknown tasks where specialized robots may fail.
Some modular systems are manually reconfigurable, [3] , [4] and others are self-reconfigurable [5] , [6] , [7] , [8] , [9] , [10] , [11] , [12] , [13] , [14] , [15] , [16] , [17] , [18] , [19] , [20] , [21] . Some properties that all of these systems share is the ability to connect and disconnect from modules with a set of mating connectors. Self-reconfiguration is the automatic process of rearranging the modules. It requires the planning of several aspects: the sequence of connectivity changes; the collision-free motion of the modules; and the control of docking, latching and unlatching of the modules.
B. Self-reconfiguration classification
We can classify most self-reconfiguring systems into three classes based on the method of reconfiguration: mobile reconfiguration, lattice reconfiguration and chain reconfiguration. [5] 1) Mobile: Mobile reconfiguration systems use the environment to maneuver modules to dock with other modules. Examples include Fukuda's early CEBOT [6] , Hirose's UniRover [7] and Brown's millibot trains [8] .
2) Lattice: Lattice reconfiguration systems change shape by moving into positions on a virtual grid, or lattice. Modules may move only to neighboring positions within the lattice. Planning and control is well structured for local control since the robot need only deal with what is occupying the small number of neighboring positions in the lattice. Prototype systems that use lattice reconfiguration include [2] , [9] , [10] , [11] , [12] , [13] , [14] , [15] .
3) Chain: The chain reconfiguration systems reconfigure themselves by attaching and detaching chains of modules to and from themselves, with each module connected to every other at least indirectly. That is, the system remains as one connected component.
Systems that use chain reconfiguration include [16] , [17] . Figure 1 shows PolyBot (a chain robot) at three stages of selfreconfiguration where it transforms from a loop to a snake to a figure-8 then to a four legged configuration. Forming the figure-8 was aided by some teleoperation.
Shen et al have explored docking with CONRO, a chain reconfiguration system described in [17] , using a light based search for chain motions in a plane. This paper also focuses on chain reconfiguration systems, with specific reference to PolyBot. In the proposed approach, the process is divided into three phases; two of these are closed loop in nature, which is more efficient than a search.
While this paper focuses on chain reconfiguration, many of the properties of docking and releasing apply to the mobile class and lattice class of reconfiguration as well.
Following this introduction is a description of chain reconfiguration, in particular describing the connection and disconnection process. Sections III and IV describe the connection process for two generations of PolyBot.
II. CHAIN RECONFIGURATION MAKING/BREAKING LOOPS
As chain reconfiguration occurs, the joining and splitting of loops requires modules to attach and detach from other modules. Detaching is empirically easier than latching since the chain is essentially breaking and primarily simply requires the proper mechanical design with little closed-loop control.
A. Automatic disconnect
There are a variety of methods to disconnect chains of modules in modular robots. This may happen by the turning of a screw, releasing hooks [10] , [18] , [19] , (dis)engaging electromagnets [2] , [13] , turning off permanent switching magnets [11] , as well as others. In some systems, where docking and subsequent re-latching is not required, single-use mechanisms such as explosive bolts have been employed. PolyBot Generation 1 (aka "G1", an early version of PolyBot) used such a singly-use method of unlatching. This was used to demonstrate reconfiguring into two topologically different styles of locomotion [1] . A loop configuration initially rolled like a tread, then opened up to a snake-like configuration and uses a undulating gait.
The system was a serial chain where one end had a slotted hole, and the other end a T-shaped bar, whose top part mates with the slot. These two ends are initially inserted manually and twisted to lock them together (closing the chain into a loop). The device had no direct mechanism for latching or unlatching, instead it requires the twisting motion of the rest of the chain to align the bar with the slot. If a tension bias is applied while the two ends are appropriately aligned, then the chain simply falls apart. Re-docking was theoretically possible by using inverse kinematics to move the joints so as to re-insert the bar through the slotted hole. However imprecision in the joints made this infeasible in practice. Either the mechanism mast be made more tolerant to mis-alignment, or else the position control must be made more precise.
B. Docking and latching
The forming of loops has two distinct phases, 1) an approach (or docking) of two connectors, and 2) the latching of the connector mechanism. This part of the reconfiguration is significantly more complicated than the disconnection of modules, as both careful coordination and accurate control are required.
The precision required for the docking phase is highly dependent on the actual latching mechanism. Typically the mechanism is designed to minimize the level of precision required, permitting at least some error in all six degrees of relative freedom between the two mating faces. Nilsson has studied the geometry and other issues relevant to minimize the level of precision required for docking. [20] In closed chain reconfiguration, the approach also involves planning the collision free motion of the chains prior to the actual docking. For chains with many modules and many degrees of freedom, the inverse kinematics and collision free planning is difficult. This is especially the case for highly complex systems, where self-collision may involve the coordinated motion of chains other than those directly involved in the mating.
The rest of this paper addresses only the automatic docking and attaching process. For information on collision free motion and the connectivity planning problem, the reader is referred to [21] and [5] .
III. POLYBOT G2 CONNECTION
PolyBot is a chain reconfiguration system that will be used to highlight methods and issues in the docking requirements of self-reconfiguration.
Like PolyBot G1, Generation 2 is also a 2-modular reconfigurable robot system. That is, it is constructed from two module types: nodes and segments. The segment modules are nom-inally rectangular prisms and have one rotational degree of freedom separating two connection ports. The node modules are fixed cubes (i.e. entirely passive) with six connection ports.
Unlike it's G1 predecessor, G2's connection ports have electromechanical latches under software control. These latch onto the pins protruding from the opposite face. An IR ranging system permits closed loop docking as will be elaborated on in this section. A G2 segment module can be seen in Figure 2 . Fig. 2 . CAD rendering of a PolyBot G2 module G2 segments are roughly mm (where the length, , is the distance between the two opposing interface plates when held parallel). The main internal components of a G2 segment are: the brushless DC motor with gear box, interface plates, motor drive circuit board, and a CPU board. Each module has a Motorola PowerPC 555 embedded processor with: 448kb of internal reprogrammable program store (FLASH memory), 1Mb of external data SRAM, and the ability to communicate using Controller Area Network (or CAN, a robust shared bus communications protocol). Besides the IR ranging components, the only other sensors are the halleffect sensors built into the brushless DC motors. These are used to commutate the brushless motor and to keep track of the angular orientation of the two sides of each segment module.
As can be seen in the rendering of the G2 Segment (Figure 2) , the interface plates (approximately 50 50mm) are quite crowded. Some visible aspects include: the electrical interface elements, which are hermaphroditic; the grooved pins and holes that repeat at intervals about the center; the latch return spring; and the IR sensors and emittors.
The repetition of pins, holes and electrical connectors allows the modules to mate in any of four orientations. The hermaphroditic property of the plates allows every interface plate to be the same and so any plate can mate with any other interface plate. This is in contrast with some other reconfigurable robots where docking is more restricted due to having the male types and female types.
When two modules are attached together the grooved pins on one plate penetrate through the holes in the other plate. A hooklike latch is engaged in the groove on the pin to lock the modules rigidly together.
The latch mechanism is quite simple in concept however the many dependencies between parts and the 2mm thick available volume complicate the implementation. The latch plate (laser cut from SS 304 sheet) rotates about the center of the interface as seen in Figure 3 . Its four legs reach out and around the grooves in the pins of a mating module when the latch is engaged. Two pieces of 150 micron shape memory alloy (SMA) wire are mechanically connected to (but electrically isolated from) the plate. These wires extend out, around a pin in a turnbuckle on the corners of the plate and return to the latch plate. Electrical connections are made to the two ends of the SMA wire where they are attached to the latch plate. When current is passed through the SMA wires, coulomb heating occurs and the wires contract ( %) causing the latch plate to rotate. When the current is shut off the wires cool below their transition temperature and a return spring returns the latch to the engaged position. Note that the latch is thus passive when engaged (requiring no energy) and active only during a release transition. The return spring is made from 1mm thick BeCu sheet metal and is press-fit into the frame. The spring is a pair of 2.5 turn spirals wire-EDM cut into BeCu sheet. The latch plate is pinned to the spring during assembly.
Disconnecting two modules is straight-forward, the two modules simply open their SMA-driven latches, and then move away from each other. Connecting two modules is theoretically the same, however the positional accuracy required for the pins to enter is considerable.
With large chains of PolyBot modules, the positional error from end to end increases. This error is due to both inaccuracies in angle measurement (i.e. the module hasn't bent to quite the angle it thinks it is) and mechanical slop at the interface plates.
This problem was anticipated, and the mechanical design aims to reduce the required accuracy. The chamfers on the pins and holes guide the pins into the latch hole as the plates come together. The chamfered holes have an outer diameter of 6mm at the face, the pins come nearly to a point, removing up to 3mm of translational error or of rotational error.
However even these tolerances can be exceeded over a long chain of modules, and so the remainder of this section discusses the control strategies employed.
The overall process has three distinct phases, in this way it is similar to the work on CONRO described in [22] . The first is the long range phase; this brings two modules in proximity to each other from arbitrarily far distances using just joint angle sensors. Once close enough that the IR sensors on the two docking modules can sense the opposing module, then the medium range phase begins. This brings the modules closer together, close enough so that the short range process can finish the docking. It is at this stage that the mechanical properties discussed above come into play. Using only joint angle information, the short range process applies forces in different directions to push the modules together until latched.
For the PolyBot G2 modules, the medium phase is designed to be effective with independent starting errors of up to: 30mm of translational error; rotational error in roll; and of rotational error in each of yaw and pitch. So the long range process must terminate with the two modules being within these bounds.
The short range process can tolerate up to 3mm of translational error and of rotational error. So the medium range process must achieve at least this level before concluding.
A. Long range
Inverse kinematics is used in all of the docking phases, though the exact manner in which it is employed does vary. In the long range phase, one of the mating modules calls the inverse kinematics routine with a fixed goal position, aiming for the middle of the region which is feasible for starting the medium range phase. The inverse kinematics routine calculates the joint angles for each segment module to achieve the goal position.
For self-reconfiguring systems that can adopt arbitrary configurations, no assumptions can be made about the configuration immediately prior to any reconfiguration. And so the the kinematic model of the system (and in particular the chains being joined) bust be generated on the fly. Denavit-Hartenberg (DH) notation is used for the representation of a chain of modules. Assume the size of the module is an cube. Given two connected PolyBot segments, the DH Parameters are as follows: is , the distance between the two axes of rotation; is , , or , depending on the connection; and is always 0. In the case where there are nodes (the passive modules) between the segments, then , where is the number of nodes.
Given a reference frame associated with a module in a chain, let be the joint angle of the module that is th positions from the reference module. Then is the DH Parameters of that module and a transformation matrix can be generated. Let the docking module be the th in the chain. The transformation of the docking module with respect to the reference frame is where is the transformation moving in -direction. Using , the 6D offset of the docking face from the reference frame may be obtained.
For the long range docking process, either a fixed goal position, or else the transformation of the docking face is given. is the approximate position of the other docking face with respect to the reference frame. The inverse kinematics routine is to calculate the from equation . This reduces to six equations with variables. A generalised constraint solver is implemented using Newton's Method with a singular value decomposition (SVD) at each Newton's step. SVD is robust for both under-and over-constrained problems (i.e. for any ). In order to improve the solution quality, the Jacobian matrix is calculated analytically instead of estimating it numerically. For each transformation ,
B. Medium range
A major part of the docking process is the closed-loop control in the medium range phase. Here the relative position of the two docking plates are directly sensed in six dimensions using infrared (IR) emittors and detectors. Figure 4 shows the mechanical design of the plate, with IR emittors at each of the four corners, and two IR receivers (phototransistors) in the center. The IR system is used to determine the direction of motion required to close the distance between the two plates. Two separate methods for calculating this distance are discussed below.
Once the 6D relative offset is found, by whichever method, inverse kinematics provides the joint angle movements which will effect this change. The same inverse kinematics routines used in the long range process (described above) are employed again, except that is not given as fixed, but rather computed from . is the current transformation matrix and is the desired offset between two docking faces, calculated from the IR measurements.
Small incremental steps are used for each motion, until the plates are within the range for the final phase.
1) Computed offset method:
Each receiver senses the intensity of light received when individual opposing emittors are lit in sequence. The intensity of light measured at a receiver is a function of both the distance between the emitter and receiver, and also their angular offset (i.e. the angle between the imaginary centerlines of the emittors and receivers). A model of the IR emitter/receivers can be created yielding equations which use these parameters. For any given sensor data, the equations can be solved to find the 6D offset between two plates. This is the information the inverse kinematics solver requires. The performance of this process is discussed in Section III-D. Figure 5 shows the control signals for the lighting of the first four emittors. Each face is allocated one time slot (slot one or two). The two sides are synchronized periodically through the independent wired communications bus. At the end of a time slot, each of the four receivers (two on each plate) will have eight readings: one from each of the opposite four emittors, and four measurements of the ambient light. Subtracting the ambient readings from the actual sample (to increase robustness to external IR noise) gives a total of sixteen pieces of data.
In each MPC555 processor on the two mating modules, a Time Processing Unit (TPU3) generates the trigger and emitter control signals. The trigger signal is fed back into the same chip to activate an on-chip queued analog to digital converter (A/D). The A/D values returned reflect the current IR intensity at each receiver. Being a queued system, then a single trigger pulse causes a sample at all four receivers followed by a single interrupt. The interrupt service routine is responsible for subtracting the previously taken ambient light readings and sending the results to the appropriate destination. This message travels over the independent wired communications bus. Whichever module is currently doing the overall coordination of motion will receive the sets of data from both faces and issue movement commands accordingly.
For each plate, consider attaching a frame as shown in Figure 6 (in this case Plate 1 and Plate 2 are facing each other). Given an offset between the two plates, the spatial relationship between every combination of emitter and receiver can be determined.
Let be the distance from the receiver to the center of the plate, and and be the width and height of the position of the emittors. The coordinate of receiver 1, in its own frame, is , and the coordinate of receiver 2 is ; similarly, the coordinates of emittors , , and are , , and , respectively. Let be the offset of the frame of plate 2 with respect to the frame of plate 1 (e.g. in the case of two plates exactly aligned facing each other, the offset is ). Let be the transformation matrix from plate 1 to plate 2 obtained by the offset, and be the rotation matrix of . The norm of plate 1 is and the norm of the plate 2, in plate 1 coordinates, is . Let be the coordinate of the emitter in its own frame and be the coordinate of the receiver of the opposing plate in its own frame. There are two cases:
The emitter is on plate 1 and the receiver is on plate 2: the position of the emitter is and the position of the receiver is , where and . The emitter is on plate 2 and the receiver is on plate 1: the position of the receiver is , and the position of the emitter is , where and . Given two points in space, and , and the norms of their plates, and , then: the distance between them is ; the angle at is ; and the angle at is . Therefore the emitter and receiver angles, as well as the distance between the receiver and the emitter, can be obtained for each of the sixteen pairs of emittors and receivers. An IR intensity model was obtained by measuring intensities over a set of angular and distance displacements, and then fitting the theoretical curve to those data points. The 6D offset can be calculated using this model and the sixteen measurements , for . Theoretically, the same constraint solver described above for use in finding inverse kinematics could be used to solve this over-constrained set of equations. However in practice, the IR model obtained was found to be numerically sensitive to sensor mounting errors, and was not accurate enough for robust estimation. This unfortunate shortcoming is elaborated on, in Section III-D. As an alternative, the centering method, described next, was adopted.
2) Centering method: The centering method is based upon the idea that the measured intensities should be balanced (equal) when the plates are centered and facing each other. The method is far more robust to sensor model errors and numerical illconditioning.
This method differs from the computed offset method outlined above, in that the result is not a single 6D offset which could (theoretically) be compensated for in one movement. Rather, it gives a quickly computed indication of the general direction of movement required. By making repeatedly measuring, calculating and moving, the two modules should progressively decrease their relative offset.
Let represent a reading where is the emitter ID ( , , , or ), is the receiver ID (1 or 2) and is the plate ID (1 or 2), and let represent the case that holds for both plate 1 and 2. When two plates are centered and facing each other, we have a set of equations, e.g., , , and . In practice, even when the two plates are exactly centered, the equations may not hold because of noise and slight variations when mechanically assembling the plates. The difference, however, can be used as a guideline for a relative offset. For example, gives offset in the direction, while
gives relative offset in the direction. Consideration of the geometry and some simple calculations yields five sets of equations. Each set is associated with one of the 6D offset dimensions, and is invariant under changes in that dimension. 
C. Short range & Latching
Once the medium range has brought the plates within range, the third phase remains. In the short range process, the two mating modules are moved together in the correct general direction in an open loop fashion. This relies upon the mechanical features of the module surfaces (discussed above) and compliance of the entire system to guide the modules.
To determine the correct general direction, the inverse kinematics routines used in the long range process are again used. However, instead of aiming for a fixed goal position, it is a sequence of forward, left and right motions with respect to the currently moving docking plate. These motions use only the joint angle sensors, and rely on the physical contact of the plates to guide the motions.
D. Results
Connecting and disconnecting was successfully demonstrated with seven G2 modules in two arms (a six-module arm and a one-module arms) moving in a single plane (reducing the problem to a three degree of freedom workspace). The arm starts some distance away (shown in Figure 7a ) and uses the long range method to move to the state in Figure 7b . The two faces of the mating modules are now close enough that the medium range method can take over. Figure 7c shows the result after this second phase. At this point the two latches are opened and the final stage commences, resulting in the modules successfully docking (Figure 7d ). Figure 7e shows the release of the latch on the other side of the arm. So a complete reconfiguration has now taken place: the arm has grown by adding the extra module to its end.
1) Long range:
The long range motion was tested with up to 24 modules moving in a planar workspace. The torque limits in the G2 modules would not support a chain that long in the nonplanar case. Using some ad hoc biases to compensate for system hysteresis, the 24 module arm is able to consistently bring the plates of its two end modules to within the medium phase region of acquisition. 2) Medium range: The computed offset method suffered from inaccuracy and variability of sensor/emitter model, causing the constraint solver to fail. These inconsistencies are formed from irregularities in the mounting of the sensors as well as part-to-part variations.
In addition, the nature of the IR model's curve gave usable sensitivity over only a small range of offsets. The narrow focus lenses on the emittors and receivers made the system highly sensitive to the angle parameters. This high sensitivity existed over a small range of motion, leading to either saturation or no measurable signal over the rest of the range.
A further difficulty proved to be the geometric layout of the sensors and emittors. As both components were recessed slightly in the frames (for physical robustness), then at close ranges, measured intensity diminished to zero, even when perfectly aligned. This meant that at a distance of about 20mm the sensors became useless.
The problems that lead to the computed offset's failure have been addressed in the new design, as discussed in Section IV.
The centering method proved much more robust to sensor errors and more consistently brought the mating modules to within an acceptable starting position for the short range phase to succeed.
3) Short range: Once in phase three, a G2 module opens the latch and inverse kinematics are used to make incremental movements forward (normal to the mating plate planes which are theoretically aligned at this point). After a specified time delay the latches are allowed to close and docking is completed. The success of the short range phase is highly dependent on the medium range phase bringing the mating modules close enough.
It was found that after the latches are allowed to close, it is beneficial to add orthogonal perturbations ("wiggling") to ensure a proper fit. This greatly increased the probability of a successful secure docking. There is precedent for this in other situations, such as industrial assembly tasks. [17] IV. POLYBOT G3 CONNECTION A third generation PolyBot module has been prototyped. This new design addresses a number of the shortcomings discovered in G2 and discussed in the previous section. The G3 modules are smaller, roughly mm. The most notable visible difference is the absence of the DC motor extending past the side of the module. Instead a DC pancake motor with a harmonic gear completely internal to the module is used. Figures 8 and 9 show the G3 module. The general concept is identical, but the G3 interface plates are slightly smaller than the G2 interface plates, and many of the G3 components have been moved relative to their G2 positions. The changes in the design are made to Fig. 9 . PolyBot G3 module components enhance performance: the connectors are larger pitch and have higher contact force for higher current loads add functionality: the pins and latch plate are redesigned to so they could be passively latched ease assembly: the SMA wires (not shown) are held by the four set screws at the corners and are wound through guide pins on the latch plate-no turnbuckles reduce cost: the BeCu spiral spring is replaced with multiple bent wire springs better latching: the latch plate is now pinned in the center to both the frame and circuit board so that it rotates consistently about the center ease docking: the IR components are moved so that they are now visible to each other during all phases: long range, medium range, short range and even after docking
A. Long range
While the general method for long range positioning using the G3 modules is essentially the same as G2, some changes have been made that can improve the process.
As discussed earlier, the error in the positioning of the end point increases as the number of modules within a chain increases. To the first order, a simple analysis can be made for an simplified case. If a single chain of modules is fixed at one point, and each module contains a small random error in its joint angle, then the error in the position of the chain's other end will be linearly dependent on the number of modules.
As the number of modules increases, the ability for the long range method to bring the endpoint modules within the desired error region may eventually be exceeded. For this case an intermediary stage between the long and medium range process can be inserted. In this stage a spiral search process is used, using the IR sensors to detect when the docking modules come into range to start the medium range process.
Alternatively, ad hoc methods may be used to reduce some of the error dimensions. For example, moving both docking modules to contact the ground or another common object will constrain the error space and reduce the dimensionality of the problem.
B. Medium range
The G3 modules have a different arrangement of the IR emittors and detectors. The new design places four emitter-detector pairs on the center of four edges. Figure 10 shows the new mechanical layout of the plate, a filled circle denotes an emitter and an open circle denotes a detector. The new design has the property that when two centered faces are closer, the intensities received from the corresponding emittors are larger. This is in contrast to the G2 design where the intensities diminish (and eventually vanish) due to large emitter-detector angles. The new design also enables local communication for two connected modules. This allows recognition of which of the two plates are connected and which of the four possible orientations the two connected plates are in. This information is important for automatic configuration recognition during the initialization of a modular self-reconfigurable system. Using IR emitter/receiver pairs in this fashion for modular robots was first shown in [23] .
While the G2 arrangement used lensed IR emittors that resulted in model parameters highly dependent on the incident angles, the G3 diodes chosen have no lenses, and a more Lambertian emission property. Now the dominating parameter is the distance between the emitter and detector and not the angles between them. Since the position of the diodes is much easier to control than the angle they are mounted to, the manufacturing assembly errors are no longer as significant. The intensity versus distance curve is shown in Figure 11 , which also shows a close fit with the model.
With an increase in the number of IR detectors, measurements from just one plate's sensors is sufficient. Each emitter on one plate is activated in turn. Each of the four detectors in the opposite plate take a reading each time. These 16 samples (after subtracting ambient light readings) are sufficient to solve the for the 6D offset transform using Newton/SVD as discussed in Section III-A. The ambient light level readings are updated frequently to ensure robustness even in rapidly changing light conditions.
The IR emitter and receivers were tuned so that the intensity model would be well conditioned in the 10-50mm range. This is apparent from the graph in Figure 11 . Within this range, the computed offset method (which failed in G2 due to IR model sensitivity) can now be used.
Outside of this range, where the model does not yield useful information, the same centering method of G2 is used. The G3 version of these equations, modified to model the new emitter and detector geometries, prove to be more linear. This increase in linearity, and the reduction in the sensitivity to manufacturing and assembly tolerances should result in corresponding improvements in the centering method as well.
C. Short range and latching
The short range phase is also improved in the G3 system. In G2, the latch hooks are commanded to open before the final phase of docking. SMA actuators are notoriously slow and this process typically takes on the order of ten seconds. In G3 the latch plate can be pushed aside by the pins during insertion without first opening latch. The force required to insert one set of four pins into a frame is measured at just over 1.5kg.
D. Results
While only small numbers of the G3 modules have been produced, and these are going through rapid cycles of minor design modification, some preliminary results exist. Within a single horizontal plane, a chain of seven modules attempts to dock with an eighth (similar to the task shown in Figure 7) . 1) Long range: From any given starting position, the long range (inverse kinematic) approach correctly maneuvers the two docking faces to a point approximately 30mm apart. For a chain of this length, the strategy could undoubtedly perform much better; the fixed piece of tubing helps by reducing the number of joint errors and interfaces. However as discussed previously, with longs chains the inevitable build-up of error in any open loop algorithm makes too close an approach inadvisable.
2) Medium range: The medium range strategy (using the computed offset method) has been shown to work experimentally until about 10mm. This is in accordance with Figure 11 , which shows 10mm to be around where the IR receivers are near saturation. A this saturation point, the IR model used breaks down. This leaves the pins of each face just about level with (though possibly slightly mis-aligned with) the holes of the mating module.
Moving onto the centering method, the medium range strategy steers the faces to within about 1mm of perfectly docked.
3) Short range and latching: Now the pins are correctly aligned with, and most of the way into, the opposite holes. The final step of docking has not been entirely successful due to very demanding tolerances in the latch mechanisms. The frames are in the process of being modified to resolve this issue, and complete autonomous docking is anticipated soon.
V. CONCLUSIONS
This paper presents some of the issues involved in the docking of chain type self-reconfigurable robots. It describes a three phase approach to docking which should be general for all chain type self-reconfiguration. Several methods are proposed for the medium range phase, where the closed-loop control resides. In experimental verification, a centering control method is empirically found to be more robust than a computed offset method. A third generation PolyBot module system is being tested in which the guidance system for the medium range phase is better suited to both centering and computed offset methods. Experiments to date have tentatively confirmed that this results in more robust and reliable docking.
